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7KH :HOGLQJ ,QVWLWXWH 7:, IRU WKH MRLQLQJ RI
DOXPLQLXP DOOR\V >@ )ULFWLRQ VWLU ZHOGLQJ )6: LV D
QHZ PHWDO MRLQLQJ SURFHVV WKDW LV SUHVHQWO\ DWWUDFWLQJ
FRQVLGHUDEOHLQWHUHVW7KHSURFHVVLVVROLGVWDWHLQQDWXUH
DQG UHOLHV RQ D ORFDOL]HG IRUJLQJ RI WKH ZHOG ]RQH WR
SURGXFH WKH MRLQW ,Q WKLV ZHOGLQJ SURFHVV D URWDWLQJ
ZHOGLQJ WRRO LV GULYHQ LQWR WKHPDWHULDO DW WKH LQWHUIDFH
RIIRUH[DPSOHWZRDGMRLQLQJSODWHVDQGWKHQWUDQVODWHG
DORQJ WKH LQWHUIDFH DQG VKRZQ LQ WKH ILJXUH  )ULFWLRQ
VWLU ZHOGLQJ RIIHUV HDVH RI KDQGOLQJ SUHFLVH H[WHUQDO
SURFHVV FRQWURO DQG KLJK OHYHOV RI UHSHDWDELOLW\ WKXV
FUHDWLQJ YHU\ KRPRJHQHRXV ZHOGV 1R VSHFLDO
SUHSDUDWLRQRIWKHZRUNSLHFHLVUHTXLUHGDQGOLWWOHZDVWH
RU SROOXWLRQ LV FUHDWHG GXULQJ WKH ZHOGLQJ SURFHVV
)XUWKHUPRUH LWV DSSOLFDELOLW\ WR DOXPLQLXP DOOR\V LQ
SDUWLFXODU GLVVLPLODU DOOR\V RU WKRVH FRQVLGHUHG
XQZHOGDEOHE\FRQYHQWLRQDOZHOGLQJWHFKQLTXHVVXFKDV
7XQJVWHQ ,QHUW *DV 7,* ZHOGLQJ SURSRVHV LW DV DQ
DWWUDFWLYHPHWKRG IRU WKH WUDQVSRUWDWLRQ VHFWRU )ULFWLRQ
KHDWV WKH PDWHULDO ZKLFK LV WKHQ HVVHQWLDOO\ H[WUXGHG
DURXQG WKH WRRO EHIRUH EHLQJ IRUJHG E\ WKH KLJK GRZQ
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SURGXFHGE\ IULFWLRQEHWZHHQ WKH WRRO VKRXOGHU DQG WKH
WRS SODWH VXUIDFH DQG E\ FRQWDFW RI WKH QHLJKERXULQJ
PDWHULDO ZLWK WKH WRRO HGJHV LQGXFLQJ SODVWLF
GHIRUPDWLRQ >@ )LJ VKRZV WKH ZRUNLQJ SULQFLSOH RI
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PHWDO E KHDW DIIHFWHG ]RQH +$= F WKHUPR
PHFKDQLFDOO\DIIHFWHG]RQH70$=DQGGIULFWLRQVWLU
SURFHVVHG )63 ]RQH >@ 7KH IRUPDWLRQV RI DERYH
UHJLRQV DUH DIIHFWHG E\ WKH PDWHULDO IORZ EHKDYLRXU
XQGHU WKH DFWLRQ RI D URWDWLQJ QRQFRQVXPDEOH WRRO
+RZHYHU WKH PDWHULDO IORZ EHKDYLRU LV SUHGRPLQDQWO\
LQIOXHQFHG E\ WKH )6: WRRO SURILOHV )6: WRRO
GLPHQVLRQV DQG )6: SURFHVV SDUDPHWHUV >@ 7KH WRRO
SLQ DQG VKRXOGHU DUH KHOSIXO IRU KHDW JHQHUDWLRQ DQG
PDWHULDO E\ VWLUULQJ SURGXFLQJ WKH MRLQW ,Q WKLV SURFHVV
QRPHOWLQJRFFXUVDQGWKHKHDWLVJHQHUDWHGLQWHUQDOO\E\
PHDQVRIIULFWLRQEHWZHHQWKHPDWHULDOWRROLQWHUIDFHDQG
WKH SODVWLF GHIRUPDWLRQ WDNHV SODFHZLWKRXW SUH RU SRVW
KHDWLQJ>@
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([SHULPHQWDOSURFHGXUHV
$ FRPPHUFLDOO\ DYDLODEOH $OXPLQLXP DOOR\ 7
KDYLQJPPLQOHQJWKPPLQZLGWKDQGPPLQ
WKLFNQHVV ZDV XVHG $OO WKH SODWHV ZHUH PDFKLQHG WR
GLPHQVLRQV PHQWLRQHG DERYH ZLWK VTXDUH JURRYHG DV
VKRZQ LQ WKH)LJ7KH VTXDUHJURRYHVZHUHFXWE\D
ZLUH FXW PDFKLQH WR JHW D PLQLPXP JDS EHWZHHQ
JURRYHV7KH)6:WRROXVHGLVVKRZQLQWKH)LJ7KH
RSHUDWLQJ SDUDPHWHUV IRU WKH )6: DUH JLYHQ LQ WKH
7DEOH7KHWRROZDVDUUDQJHGWRURWDWHLQWKHFORFNZLVH
GLUHFWLRQDQGWKHZRUNSLHFHZDVPRYHGLQWKHRSSRVLWH
GLUHFWLRQ ZKLFK LV FDOOHG DV WKH DGYDQFLQJ VLGH  2QO\
WUDQVYHUVH VSHFLPHQZDV SURGXFHG DQG WR EH WHVWHG RQ
WKHWHQVLOHWHVW7KHWHVWVSHFLPHQVZHUHPDFKLQHGIURP
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WKHFHQWUDOSDUWRIWKHMRLQWDFFRUGLQJWR$670(0
>@ VXEVL]H VWDQGDUG IRU VKHHW W\SH PDWHULDO JDXJH
OHQJWKPPZLGWKPPDQGRYHUDOOOHQJWKPP
$OO VDPSOHV ZHUH SURGXFHG ZLWK PLQLPDO GHIHFWV DQG
FRQIRUPHG WR VSHFLILHG GLPHQVLRQVZLWK D WROHUDQFH RI
PP7KHVSHFLPHQVZHUHWHVWHGDWURRPWHPSHUDWXUH
XVLQJ.16HUYRSXOVHU6HULHV6HUYRK\GUDXOLFWHVWLQJ
PDFKLQHVZLWK IURQWRSHQLQJK\GUDXOLFJULSV7KHFURVV
KHDG VSHHG LV IL[HG DW PPPLQ 7DEOH  VKRZV WKH
GLPHQVLRQVRIWKHWHVWVSHFLPHQDVSHU$670>@

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)LJ7HVWVSHFLPHQDVSHU$670>@


7DEOH7HVWVSHFLPHQVGLPHQVLRQLQPP>@
1RPLQDO:LGWK 6XEVL]H6SHFLPHQ
G²*DJHOHQJWK 
W²:LGWK 
T²7KLFNQHVV WKLFNQHVVRIPDWHULDO
R²5DGLXVRIILOOHWPLQ 
L²2YHUDOOOHQJWK 
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5HVXOWVDQGGLVFXVLRQ
3.1. Surface roughness  
6XUIDFH URXJKQHVV UHIHUV WR WKH VPDOO FORVHG VSDFHG
GHYLDWLRQVIURPWKHQRPLQDOVXUIDFHDQGLWLVPHDVXUHRI
SHDNVDQGYDOOH\FDXVHGE\PDFKLQLQJSURFHVVE\XVLQJ
GLIIHUHQW WRROV RQ GLIIHUHQW PDWHULDOV 7KH LQFUHDVH LQ
FXWWLQJVSHHGDWORZIHHGUDWHDQGGHSWKRIFXWSURGXFHG
VPRRWK VXUIDFH URXJKQHVV LQ PDFKLQLQJ DQG DV WKH
FXWWLQJVSHHGLQFUHDVHGORZVXUIDFHURXJKQHVVSURGXFHG
,Q )6: DOVR ORZ VXUIDFH URXJKQHVV ZDV SURGXFHG DW
KLJK VSLQGOH URWDWLRQ ,Q PDFKLQLQJ VXUIDFH URXJKQHVV
DGGYDOXHWRSHUIRUPDQFHDQGDOVRDHVWKHWLFVVHQVHRIWKH
SURGXFWV 7KH VXUIDFH URXJKQHVV LQ )6: SURFHVV LV
VLPLODU WR EXUQLVKLQJ DFWLRQ EHWZHHQ URWDWLQJ DQG
PRYLQJFRPSRQHQWV,QWXUQLQJSURFHVVORZDQGVPRRWK
VXUIDFHLVSRVVLEOHZLWKKLJKURWDWLRQDOVSHHGRIWKHZRUN
PDWHULDO DQG ORZ IHHG UDWH RI WKH WRRO ZKLFK ZLOO
FRQWULEXWH WR VPRRWK URXJKQHVV )6: VLPLODUO\
SURGXFHGKLJKURWDWLRQRIWKHWRRODQGORZWUDQVYHUVHRI
WKH WRRO FRQWULEXWHG ORZ VXUIDFH URXJKQHVV )LJXUH 
VKRZV WKH JUDSKLFDO UHSUHVHQWDWLRQ EHWZHHQ VXUIDFH
URXJKQHVVDQGURWDWLRQRI WKH WRRO7KH)6:SURFHVV LV
VLPLODU WREXUQLVKLQJSURFHVV ,W LVFRQVLGHUHGDVDFROG
ZRUNLQJSURFHVV&RPSUHVVLYHDFWLRQRI WKH WRROFDXVHV
D VOLJKW SODVWLF IORZ RI WKH VXUIDFH PHWDO WR IHZ
PLFURPHWHUVZKLFK FDXVHVPHWDO WR EH FRPSUHVVHG DQG
VXUIDFHDUHVPRRWKHVRXWE\IODWWHQLQJSHDNDQGYDOOH\V
$WDKLJKVSLQGOHVSHHGRI530ZLWKPPPLQ
WUDQVYHUVH VSHHG D ORZHU VXUIDFH URXJKQHVV REWDLQHG
WKDQRWKHUIHHGUDWHRIDQGPPPLQ
$WWKHVDPHWLPHDWORZVSLQGOHURWDWLRQDOVSHHGRI
530 IRU DOO WKH WUDQVYHUVH VSHHGVKLJK VXUIDFHYDOXHV
ZHUH REWDLQHG ZKHQ FRPSDUHG WR VSLQGOH URWDWLRQ RI
530 DQG LWV WUDQVYHUVH VSHHGV )LJ  VKRZV WKH
JUDSKLFDO UHSUHVHQWDWLRQ RI VXUIDFH URXJKQHVV DQG
WUDQVYHUVHVSHHG



)LJ5RXJKQHVVYVWUDQVYHUVHVSHHG

3.2. Tensile strength 
7HQVLOHVWUHQJWKLVRQHRIWKHPHWKRGVIRUGHWHUPLQLQJ
WKHPHFKDQLFDOSURSHUWLHVRIPDWHULDOVVXFKDVVWUHQJWK
GXFWLOLW\ WRXJKQHVV HODVWLF PRGXOXV DQG VWUDLQ
KDUGHQLQJ DELOLW\ 7KH PDWHULDOV DUH WHVWHG E\ $670
VSHFLILFDWLRQV DV VKRZQ LQ WKH )LJ  DQG VSHFLPHQ
GLPHQVLRQV DUH VKRZQ LQ WKH WDEOH  $W D VSLQGOH
URWDWLRQ RI  530 DW WUDQVYHUVH VSHHG RI 
PPPLQDKLJKWHQVLOHYDOXHRI03DZDVREWDLQHG
DQGIRUWKHRWKHUWUDQVYHUVHVSHHGVRIDQG
WKHXOWLPDWHWHQVLOHVWUHQJWK876YDOXHVZHUH
DQG03DUHVSHFWLYHO\2QWKHFRQWUDU\DWD
VSLQGOHURWDWLRQRI530DQGIRUDWUDQVYHUVHVSHHG
RIPPPLQDORZYDOXHRI876ZDV03DZDV
REWDLQHG )RU WKH VDPH VSLQGOH URWDWLRQZLWK WUDQVYHUVH
VSHHGV RI    DQG PPPLQXWH WKH 876
YDOXHV ZHUH    DQG  03D $W D ORZ
WUDQVYHUVHVSHHGRIPPPLQXWHKLJK876YDOXHZDV
REWDLQHGDQGDVWKHWUDQVYHUVHVSHHGVZHUHLQFUHDVHGWKH
876 YDOXHV ZHUH ORZ ,W LV DQ LQGLFDWLRQ WKDW DW ORZ
WUDQVYHUVH VSHHGV IRU D JLYHQ VSLQGOH URWDWLRQ LW LV
SRVVLEOHWRUHDFKKLJK876YDOXHV7KHUHDVRQLVWKDWDW
ORZWUDQVYHUVHVSHHGPRUHKHDWZDVJHQHUDWHGDQGJRRG
ERQGLQJ RFFXUUHG EHWZHHQ WKH WZR MRLQWV ZKLFK ZHUH
UHVSRQVLEOH IRU KLJK YDOXH RI 876 $W KLJK WUDQVYHUVH
VSHHGVWKHJHQHUDWLRQRIKHDWZDVORZFRPSDUHGWRKHDW
JHQHUDWHGDWKLJKWUDQVYHUVHVSHHGV
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)LJ*UDSKLFDOUHSUHVHQWDWLRQRIVSLQGOHURWDWLRQYV876

)ULFWLRQ FUHDWHG E\ VWLUULQJ DW ORZ WUDQVYHUVH VSHHG
JHQHUDWHV KLJK KHDW DQG JRRG ERQGLQJ DQG WKXV JLYH
JRRG VWUHQJWK :KHQ FRPSDULQJ WKH 876 YDOXH RI D
VSLQGOH URWDWLRQ DW  530 ZLWK  PPPLQXWH
WUDQVYHUVH VSHHG LWZDVSRVVLEOH WRFUHDWH876VWUHQJWK
XSWRRIWKHPD[LPXP876RIWKHEDVHPDWHULDOV
DWORZWUDQVYHUVHVSHHGVDQGORZVSLQGOHURWDWLRQ)LJXUH
  DQG  VKRZ WKH JUDSKLFDO UHSUHVHQWDWLRQ RI 876
REWDLQHGDWYDULRXVSDUDPHWHUV$WD VSLQGOH URWDWLRQRI
 530 IRU WKH FRUUHVSRQGLQJ WUDQVYHUVH VSHHG LW
ZDVRI WKHEDVHYDOXHRI876)RU WKH WUDQVYHUVH
VSHHGV RI    DQG PPPLQXWH WKH 876
REWDLQHGZHUHDQGUHVSHFWLYHO\DW
VSLQGOHURWDWLRQRI530,QHYDOXDWLQJWKH876DW
VSLQGOHURWDWLRQRI530ZLWKWUDQVYHUVHVSHHGVRI
DQGPPPLQWKH876REWDLQHG
ZHUH      DQG   UHVSHFWLYHO\
(YHQ DW KLJK WUDQVYHUVH VSHHG RI  PPPLQ 876
YDOXHVZDVRIWKHEDVHPHWDOYDOXHRI03D,Q
)6:ZHOGLQJZLWKRXWGRYHWDLOMRLQWWKH876ZHUHRQO\
 03D ZKLFK ZDV   ZLWK XVXDO EXWW MRLQW ,W LV
SRVVLEOH WR LQFUHDVH WKH 876 YDOXH E\ KLJK WUDQVYHUVH
VSHHGVXVLQJGRYHWDLOMRLQW
 
 
 
 3.3. Fracture strength  
)UDFWXUHLVWKHVHSDUDWLRQRIDQREMHFWRUPDWHULDOLQWR
WZR RU PRUH SLHFHV XQGHU WKH DFWLRQ RIVWUHVV >@
)UDFWXUHRIDVROLGDOZD\VRFFXUVGXHWRWKHGHYHORSPHQW
RIFHUWDLQGLVSODFHPHQWGLVFRQWLQXLW\VXUIDFHVZLWKLQWKH
VROLG ,I D GLVSODFHPHQW GHYHORSV LQ WKLV FDVH
SHUSHQGLFXODUWRWKHVXUIDFHRIGLVSODFHPHQWLWLVFDOOHG
D QRUPDO WHQVLOH FUDFN RU VLPSO\ D FUDFN LI D
GLVSODFHPHQW GHYHORSV WDQJHQWLDOO\ WR WKH VXUIDFH RI
GLVSODFHPHQW LW LV FDOOHG D VKHDU FUDFN VOLS EDQG RU
GLVORFDWLRQ 7KH IUDFWXUH VWUHQJWK RI WKH EDVH PHWDO LV
03D DQG LQ WKLV UHVHDUFKZRUN LWZDV SRVVLEOH WR
KDYH IUDFWXUH VWUHQJWK DV KLJK DV  03D DW 
URWDWLRQDOVSHHGDQGDWPPPLQXWHWUDQVYHUVHVSHHG
DQGDVORZDV03DDWWUDQVYHUVHVSHHG

)LJ5RWDWLRQDOVSHHGYVIUDFWXUHVWUHQJWK
2Q WKHRWKHUKDQGDW530 IUDFWXUH VWUHQJWKZDV
03DDVKLJKYDOXHDWPPPLQ WUDQVYHUVH VSHHG
DQGORZDV03DDWWUDQVYHUVHVSHHG)LJXUH
VKRZV WKH JUDSKLFDO UHSUHVHQWDWLRQ RI URWDWLRQDO VSHHG
DQGIUDFWXUHVWUHQJWK7KHIUDFWXUHVWUHQJWKRI03D
FRXOGQRWEHDFKLHYHGGXHWRWKHGRYHWDLOJURRYHDVZHOO
DV WKH KHDW DW QXJJHW7KH IUDFWXUH IDLOXUHKDVRFFXUUHG
FORVHWRQXJJHWLQPRVWRIWKHVDPSOHV
3.4. Microstructure 
)LJD WRHVKRZV6(0YLHZRQWKHPLFURJUDSK
E\ )6: )LJ D UHSUHVHQWV D PDFUR VHFWLRQ RI WKH
WKHUPDOO\ KHDW DIIHFWHG ]RQH 70$= ,Q WKLV UHJLRQ
WKHUHKDYHVRPHFUDFNWHDURIWKHPDWHULDOGXHPRUHXQ
XQLIRUPSOXQJHGHSWKDQGDOVRGXHWR WKHPHWDOQRWIODW
ZKLOH GRLQJ )6: )LJ  E DQG F VKRZ WKHPDFUR
VHFWLRQ DW D VSLQGOH URWDWLRQ RI  530 ZLWK
WUDQVYHUVHVSHHGRIDQGPPPLQXWH70$=DQG
+$=LVVKRZQDVZKLWHEDQGLQ)LJE

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
D0DFURVHFWLRQRI$OXPLQLXP

 

E0DFURVHFWLRQRI$OXPLQLXPZLWK530



F0DFURVHFWLRQRI$OXPLQLXPZLWK530DQGPPPLQ



G'HIHFWIRUPHGGXHWRODUJHUZHOGLQJRIPPGLDPHWHUWRROLVXVHG



H'HIHFWIRUPHGIURPPPZHOGLQJWRRO

)LJDWRF6(0YLHZIRUPLFURVWUXFWUHDQG	GHGHIHFWVLQ
)6:

)LJGDQGHVKRZWKHDGHIHFWIRUPHGGXHWRODUJHU
GLDPHWHU RI SLQ PP XVHG WR KDYHPRUH FRQWDFW DUHD
WKHUHE\ LQFUHDVLQJ WKH KHDW JHQHUDWLRQ ZKLFK ZDV
UHVSRQVLEOHIRUWKHGHIHFW/DUJHUGLDPHWHURIWKHWRROLV
QRWVXLWDEOHIRUDPPWKLFNQHVV/DUJHUDUHDRIWKHWRRO
LQFUHDVHG WKH IULFWLRQDO ]RQH DQG PRUH KHDW ZDV
JHQHUDWHG ZKLFK FDXVHG WKH PDWHULDO WR KDYH XQVWHDG\
SODVWLF GHIRUPDWLRQ 6HOHFWLRQ RI WKH WRRO SLQ GLDPHWHU
SOD\HGYLWDOUROHLQ)ULFWLRQ6WLU3URFHVVLQJ)63]RQH

&RQFOXVLRQ
7KHPDLQFRQFOXVLRQVDUHVXPPDULVHGEHORZ
)ULFWLRQVWLUZHOGLQJJLYHVJRRGUHVXOWLQMRLQLQJ
GRYHWDLOJURRYHMRLQW
7KHPHFKDQLFDOSURSHUWLHVREWDLQHGE\GRYHWDLOMRLQWV
FDQ UHDFK WR  RI WKH EDVH PHWDO VWUHQJWK DW KLJK
WUDQVYHUVH VSHHGV DQG  WR  RI WKH EDVH PHWDO
VWUHQJWKDWJLYHQVSLQGOHURWDWLRQ
,IVXLWDEOHZHOGLQJSDUDPHWHUVDUHVHWWKHQPD[LPXP
876LVSRVVLEOH
 )UDFWXUH RFFXUUHG HLWKHU LQ WKH KHDW DIIHFWHG ]RQH RU
LQWKHZHOGMRLQWKRZHYHUIUDFWXUHRFFXUUHGDWWKHEDVH
PDWHULDORIDOOWKHSDUDPHWHUV
6XUIDFHRIEDVHSODWHVKRXOGEHIODW5RRWMRLQWRIVRIW
ZHOGPHWDOLVIODWVWUDLJKWLQWKLVZD\
%\)6:ZHOGLQJLWLVSRVVLEOHWRJHWVPRRWKVXUIDFH
RQ WKH ZHOGHG ]RQH GXH WR EXUQLVKLQJ DFWLRQ EHWZHHQ
URWDWLQJVXUIDFHDQGEDVHPHWDO
,W LVQHFHVVDU\ WR LGHQWLI\ WRROSLQGLDPHWHUEDVHGRQ
WKLFNQHVVRIWKHPDWHULDOLIQRWZHOGGHIHFWVDUHOLNHO\WR
RFFXUZKLFKZLOOGDPDJHWKHSHUIRUPDQFHRIWKHZHOGHG
SDUWV







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)XUWKHUUHVHDUFKZRUN
,WZDVSODQQHGWRH[WHQGWKHUHVHDUFKIXUWKHUE\XVLQJ
YDULRXV WRRO SLQ GLDPHWHUV WLWOH DQJOH RI WKH WRRO
GLVVLPLODU PDWHULDOV ZLWK YDU\LQJ WKLFNQHVVHV 6TXDUH
JURRYH MRLQW FDQ DOVR XVHG WR WHVW RXW WKH )6: $SDUW
IURP WHVWLQJ WKH 876 IUDFWXUH VWUHQJWK IDWLJXH OLIH RI
WKHZHOGPHQWFDQDOVREHWHVWHG
$FNQRZOHGJHPHQWV
7KH DXWKRUVZRXOG OLNH WKDQN WKH0LQLVWU\ RI+LJKHU
(GXFDWLRQ 0DOD\VLD IRU SURYLGLQJ ILQDQFLDO VXSSRUW
WKURXJKVKRUWUHVHDUFKJUDQW9RW
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